Enteropathogenic Escherichia coli (EPEC) may be considered a paradigm for a multistage interaction between pathogen and host cell. EPEC strains produce a type IV pilus that is associated with initial adherence to host cells, and these strains possess a type III secretion apparatus that is necessary for transducing signals to host cells. Secretion of three Esp proteins is required for activation of a phosphotyrosine-containing receptor that allows EPEC to bind intimately to host cells via the bacterial outer membrane protein intimin. Intimately attached bacteria rest upon a pedestal composed of host cytoskeletal proteins in an arrangement recognized as the attaching and effacing phenotype. The precise molecular interactions that lead to these dramatic alterations in the host cell cytoskeleton remain to be elucidated.
Enteropathogenic Escherichia coli (EPEC) strains comprise ure 1). Localized adherence is encoded by a large plasmid common to these strains. Loss of the plasmid is associated with one of several pathotypes of E. coli capable of causing diarrhea. EPEC infections are largely confined to infants in developing loss of the ability to perform localized adherence, while transfer of the plasmid to laboratory E. coli strains is accompanied by countries, where they can cause severe and protracted diarrhea leading to dehydration, malabsorption, and death [1] . EPEC acquisition of the localized adherence phenotype [7] . At the ultrastructural level, adherence of EPEC to cells is strains are distinguished from other E. coli strains by their ability to induce attaching and effacing lesions on host cells quite distinctive. EPEC strains destroy (efface) microvilli and induce profound reorganization of the cytoskeletal network to in vitro and in vivo and by their lack of Shiga toxin production [2] . As an intestinal pathogen, EPEC plays no role in periodonform pedestals to which the bacteria intimately adhere (attach)
[8] (figure 1). The pedestals are composed of cytoskeletal protal disease. However, since EPEC can be viewed as a paradigm for multistage interactions between bacteria and host cells, it teins including actin, a-actinin, a myosin light chain, talin, and ezrin [9] [10] [11] . In contrast to localized adherence, these attaching is likely that insight gleaned from the study of EPEC may have relevance to bacterial infections at remote locations. This and effacing lesions are formed by strains that lack the adherence plasmid, albeit with delayed kinetics [12] . Similar attaching and review is based on a presentation given at the symposium ''Molecular Mechanisms of Microbial Host Cell Interactions effacing lesions are formed in tissue culture or in animal models by enterohemorrhagic E. coli that produce Shiga toxins (such in Periodontal Disease,'' and therefore emphasis is placed on results from my laboratory. Relevant work from other laboraas serotype O157:H7 strains that cause outbreaks of hemorrhagic colitis and hemolytic-uremic syndrome), by certain strains of tories is also included, but readers are referred to other recent reviews for additional information on the pathogenesis of EPEC Hafnia alvei, and by Citrobacter rodentium (which causes transmissible colonic hypertrophy in mice) [ In addition to the bfp operon, a chromosomal locus, dsbA, is also required for localized adherence [23] . DsbA is a periplasmic protein that catalyzes disulfide bond formation in extracytoplasmic proteins. In the absence of DsbA, both prebundlin and bundlin are rapidly degraded. Similarly, mutations that change either of the two cysteine residues in bundlin to serine result in loss of the protein. Thus, rapid and efficient disulfide bond formation in bundlin appears to be required to prevent degradation of the protein. These data led to a model for the early stages of type IV pilus biogenesis in which the prepilin exists as a cytoplasmic transmembrane protein simultaneously accessible to the prepilin peptidase at the cytoplasmic face of the membrane and to DsbA in the periplasm [24] . LEE is present in all attaching and effacing pathogens [25] . The LEE is both necessary and, when cloned on a cosmid in laboratory or normal flora strains of E. coli, sufficient for attaching and effacing activity [26] . In many but not all EPEC The nucleotide sequence of bfpA indicates that BFP belong strains, the LEE is inserted just downstream of the selC gene to the type IV fimbria family, which includes pili from a variety encoding selenocysteine tRNA at 82 minutes of the E. coli Kof gram-negative pathogens including Pseudomonas aerugi-12 map.
The Ability to Induce Attaching and Effacing Lesions Is

nosa, Vibrio cholerae, Neisseria gonorrhoeae, and Neisseria
The LEE comprises at least 41 open reading frames that can meningitidis [18] . Despite their importance, the biogenesis of be roughly divided into three unequal sections. At one end are type IV fimbriae is poorly understood. These pili have little in several genes that are homologous to those encoding compocommon with the well-studied type I and P fimbriae. Part of nents of type III secretion systems. At the other end are genes the difficulty in studying type IV fimbriae stems from the fact encoding secreted proteins. Separating these regions is the eae that the many genes required for the biogenesis of these comgene encoding an outer membrane protein known as intimin. plex structures are scattered about the genomes of many of the The glycine and cytosine content of the LEE is strikingly differorganisms that produce them. The demonstration that the 14 ent than that of the rest of the E. coli genome, strongly sugcontiguous genes of the bfp operon are sufficient to direct the gesting that the LEE was acquired from another species. At biogenesis of BFP in a laboratory strain of EPEC represents one end of the LEE are the remnants of an ancient transposon, the first time that the minimum number of genes sufficient perhaps a clue to the origin of the element [27] . for type IV pilus formation in a recombinant strain has been Type III secretion systems are encoded by §20 genes found identified [19] . Ongoing nonpolar mutagenesis of each gene in in diverse gram-negative organisms including P. aeruginosa the operon and analysis of the point at which pilus formation and species of the genera Yersinia, Salmonella, and Shigella is arrested in each mutant should lead to a better understanding that are pathogenic for humans and animals as well as species of how these structures are made.
of Pseudomonas, Erwinia, and Xanthomonas that are pathoTo date, mutations of two bfp genes have been reported. genic for plants [28] . Type III secretion systems are dedicated BfpB, the product of the bfpB gene, is a large outer membrane to the export of factors critical to the host-pathogen interaction protein required for pilus assembly and localized adherence including toxins and enzymes such as YopE, YopH, YpkA, [20] . In contrast, the bfpF gene, which encodes a putative and exoenzyme S; invasins such as IpaB and IpaC; and host nucleotide-binding protein, is not required for pilus assembly susceptibility factors such as the harpins. In the case of YopE, or localized adherence. In fact, a nonpolar bfpF mutant adheres YopH, YpkA, and YopM from Yersinia and SptP from Salmoin greater numbers than does the wild-type strain, thereby sugnella, these systems deliver the target molecules into the cytogesting a role for BfpF in controlling pilus production or adherplasm of the host cell where they exert their activity. The loci ence [21] . The function of the bfpP gene is also known. This of the type III secretion system of EPEC, known as the sep locus encodes a prepilin peptidase that removes the signal sequence of prebundlin to generate the mature pilin [22] .
genes, include homologues of the inv, mxi, spa, and hsc genes / 9c63$$mr21 02-24-99 10:54:13 cida UC: CID found in the other type III systems [29] . Mutations in each sep with monoclonal antibodies to phosphotyrosine. This protein, referred to as Hp90, is not detected with antibodies to phosphogene tested thus far disrupt attaching and effacing activity.
The proteins secreted by the type III secretion apparatus are tyrosine in uninfected cells nor in cells infected with mutants that have disruptions in sep genes or esp genes. Thus, the known as EspA, EspB, and EspD [30 -32] The product of the eae gene is intimin, a 94-kDa outer membrane protein that is recognized in serum samples from
EPEC Strains Usurp Host Signal Transduction Pathways volunteers convalescing from experimental EPEC infection and to Form Attaching and Effacing Lesions
is required for full virulence in humans [36, 37] . Intimin is related to the invasins of enteropathogenic Yersinia species, Upon infection of host cells, EPEC strains stimulate a number of pathways that are involved in attaching and effacing which bind integrins to direct cellular invasion. Although required for cellular invasion by EPEC, intimin (unlike invasin) lesion formation and cell invasion. Fluxes of both calcium and inositol triphosphate have been detected in cells infected with is not sufficient to allow invasion when cloned in laboratory E. coli strains. Mutations of the eae gene render the bacterium EPEC [33, 34] . Invasion of epithelial cells, a phenomenon that occurs efficiently in vitro (figure 1) and is sometimes observed incapable of intimate attachment to host cells, but such mutants remain capable of tyrosine kinase -mediated signaling that rein biopsy samples from infected children, is strongly dependent on tyrosine kinase activity, as it is blocked by the addition sults in tyrosine phosphorylation of Hp90 [35] . In coinfection experiments, eae mutants are able to signal host cells to allow of tyrosine kinase inhibitors [35] . Bright staining is observed immediately under adherent EPEC organisms when infected sep or esp mutants to produce attaching and effacing lesions and to invade cells [31, 35, 38] . These results of unidirectional cells are labeled with antibodies that recognize phosphotyrosine. firmly attached to the host cell. the mechanism by which these events lead to diarrhea remain 
